A number of plasma membrane progestin receptors linked to non-genomic events have been identified.
Introduction
Increasing evidence suggests that a number of steroid-induced events are initiated in animal cells independent of transcription (reviewed in [1] [2] [3] [4] [5] [6] ). As outlined by Watson and Gametchu [2] , the presence of steroid receptors in the cell membrane contributes to the regulation of a wide range of complex functions, including cell proliferation, cell death and cell differentiation. The identification of plasma membrane receptors has often been based either on radiolabeled ligand binding to crude plasma membrane-enriched preparations or on a putative steroid binding protein obtained by over-expression in a bacterial system. Mitochondria also contain membrane-bound steroid receptors similar or identical to the corresponding nuclear receptor (reviewed in [7] ).
This study analyzes several putative progestin binding membrane receptors with respect to: transmembrane helices and pore-lining membrane regions (ion channels) [8] , caveolin binding motifs [9] , and the highly conserved leucine-rich repeats associated with steroid binding in plants [10, 11] . Computational analysis was used to compare putative steroid receptors in terms of their structural similarities and possible common ancestors in animal and plant cells. The putative animal cell progestin-binding proteins entered in the protein data base (UniprotKB) consist of proteins containing 195-1023 amino acid residues. These can be divided into 5 groups: (1) the catalytic (alpha) subunits of Na/K-ATPase [12] , (2) at least three members of an 11 membrane receptor family termed ''PAQR'' proteins (reviewed in [13] ), (3) several proteins termed ''membrane progestin receptors alpha, beta and gamma'' (reviewed in [14] ), (4) the ''membrane-associated progesterone receptor'' components 1 and 2 belonging to the MAPR family (reviewed in [15] ), and (5) the progesterone nuclear receptor (PRB) which may associate to the plasma membrane via its ligand binding domain [16] . Na + /K + -ATPase is a ab-tetramer, with 2 binding sites for the plant steroid, ouabain, on each a-subunit (reviewed in [17] , levels, but also serves as a critical cell signaling component [18] . PAQR receptors play a role in signal transduction for a wide range of ligands, including steroids, lipids, nucleotides, peptides and photons (reviewed in [19] ). PAQR5, PAQR7 and PAQR8 have been defined as membrane progestin receptor c, a, and b, respectively [19] , but PAQR7 is best characterized [20] . Several so-called MAPR proteins have been identified (reviewed in [21] ). MAPR proteins contain cytochrome b5-like heme/steroid-binding domains and include progesterone component 1 (PGRMC1), progesterone component 2 (PGRMC2), neudesin and neuferricin.
Classical estrogen, progesterone and androgen receptors are thought to be tethered to the inside of the plasma membrane and thus localized outside the nucleus (reviewed in [22] ). Many progesterone effects are mediated by a nuclear receptor that is expressed as two isoforms, PRA and PRB, which are virtually identical except that PRA lacks 164 amino acids (in humans) in the N-terminal region (reviewed in [23] ). In vitro evidence suggests that the A and B forms are functionally distinct and distribution patterns may account for some of the diversity of progesterone effects. Photoaffinity labeling studies with Rana pipiens oocytes indicate PRB (but not PRA) is equally distributed between plasma membranes and cytosol, suggesting that PRB may function in both compartments during progesterone-induced oocyte meiosis [24] . Martinez et al. [16] found that overexpression or depletion of the nuclear receptor PRB in Xenopus laevis oocytes can accelerate or block progesterone-induced oocyte maturation. Additional evidence indicates that the nuclear receptor may associate with cytoplasmic factors (e.g. p42 MAPK) contributing to non-genomic signaling [25] . Using newer algorithms, we report here that both PRA and PRB contain at least 1 pore-lining TM helix localized to the steroid binding region, suggesting that membrane PRB may also be anchored by a single transmembrane helix and serves as a specialized channel.
Our analysis indicates that, except for PGRMC1/2, the progestin binding proteins contain pore-lining regions within specific transmembrane helices that may function as ion channels. All but PMRMC1/2 and the classical cytosol (nuclear) receptor (PR) contain both caveolin binding motifs and the highly conserved leucine-rich repeats (LRR) common to plant steroid receptors (reviewed in [11] ). Plants produce numerous steroids and sterols (now found to act as hormones in animals [26] ), but lack close homologues of animal nuclear steroid receptors (Arabidopsis Genome Initiative). In plant cells, polyhydroxylated steroids bind to leucine-rich sequences in membrane receptors and elicit responses even in the presence of inhibitors of transcription or protein synthesis (cit. [11] ), similar to the progesterone/polar steroid induction of the meiotic division in vertebrate oocytes [27] . This suggests that plant and animal cells may have retained a common steroid hormonemembrane receptor response system during evolution. The protein structure-function studies outlined here indicate that many progestin binding proteins are concentrated in caveolin-rich plasma membrane lipid rafts and function both as ion channels and as receptors for polyhydroxylated (ouabain-like) steroids.
Experimental

Protein sequence sources
The amino acid sequences of the a1-subunit of Na/K-ATPase and putative progestin binding proteins were downloaded from the ExPASy Proteonomic Server of the Swiss Institute of Bioinfomatics (http://www.expasy.org; http://www.uniprot.org). About 98% of the protein sequences provided by UniProtKB are derived from the translation of coding sequences (CDS) which were submitted to the public nucleic acid databases, the EMBL-Bank/Genbank/DDBJ databases (INSDC). Data shown are for humans with the exception of membrane receptor alpha for the Atlantic croaker. Amino acid sequences were compared using the Pairwise Sequence Alignment software (LALIGN) at http://www.ebi.ac.uk/Tools/services/weblalign/ to find internal duplications by calculating nonintersecting local alignments [28] [30] . The PSIPRED secondary structure prediction method is based on position-specific scoring matrices. PredictProtein provides multiple sequence alignments and predictions of secondary structure, residue solvent accessibility and the location of TM helices (http://rostlab.org/owiki/index.php/PredictProtein).
Transmembrane (TM) helix and pore-lining region predictions
TM helices were predicted using: (1) the TOPCONS algorithm [31] ; (http://topcons.cbr.su.se), (2) Phobius: (predicts TM topology and signal peptides), (http://phobius.cgb.ki.se and http://phobius.btnf.ku.dk/) European Biomathematics Institute [32] , (3) PredictProtein [30] ; (http://ebi.ac.uk/~rost/predictprotein), (4) the MEMSAT-SVM server [29] , (5) SPOCTOPUS [33] , a combined predictor of signal peptides and membrane topology (http://octopus.cbr.su.se/) and (6) TMHMM [34] , based on a hidden Markov model available at: http://www.cbs.dtu.dk/services/TMHMM/. Pore-lining regions in transmembrane protein sequences were predicted using the method of Nugent and Jones [35] . The helical wheel applet on the University of Virginia web site was used: (http://cti.itc.virginia.edu/).
Caveolin-binding motifs
Using a GST-fusion protein containing the caveolin scaffolding domain as a receptor to select peptide ligands from a bacteriophage display library, Couet et al. [9] identified at least two related but distinct caveolin binding motifs, UxxxxUxxU and UxUxxxxU (where U represents an aromatic amino acid, W, Y, or F), in most proteins that had been shown to interact with caveolin. Table 1 includes (line 6) a member of the PAQR superfamily (PAQR6, Q6TCH4) recently reported to bind plasma membrane preparations from MDA-MB-231 breast cancer cells [36] . Thus, PAQR6, in addition to PAQR5, PAQR7 and PAQR8, may be involved in a progestin-response system. Table 1 indicates that the Na
times the size of the other putative receptors, except for PRB, and contains 10 TM helices and 4 caveolin binding (CB) motifs. In contrast, the 330 amino acid AdipoQ receptor (PAQR5), the 344 amino acid PAQR6, the 346 amino acid PAQR7, the 354 amino acid PAQR8, and the 352 amino acid Atlantic croaker mPRa each contain 8 TM helices and 2-4 CB motifs. MAPR-1 (195 amino acids), MAPR-2 (223 amino acids) and nuclear receptor PRB (933 amino acids) contain one or two TM helices and lack CB motifs. The presence of CB motifs in all but MAPR-1/2 and PRB suggests that most progestinbinding proteins are associated with lipid rafts in the plasma membrane for at least part of their life-cycle. Since MAPR-1 and MAPR-2 contain cytochrome b5 heme-binding domains within sequences 72-171 and 102-201, respectively, both may be associated with mitochondrial membranes and involved in cellular energy production and programmed cell death [7] .
Analysis of TM helical array patterns and pore-lining regions in putative progestin binding proteins
A transmembrane (TM) helix is a membrane-spanning 17.3 ± 3.1 (SD, N = 160) amino acid sequence (reviewed in [37] ) with a hydrogen-bonded helical configuration, including a-, 3 10 and p-helices. The a-helix is very common, while the 3 10 helix is found at the ends of the a-helix and p-helices are rare. In addition to TM helices, membrane proteins may contain a cavity (or pore) which spans the membrane with an opening on each side of the plasma membrane. The ''pore'' may run parallel to, or within, a transmembrane helix (reviewed in [35] ). Nugent and Jones [35] have developed a computational method capable of identifying pore-lining regions in membrane proteins from sequence information alone, which can then be used to determine pore stoichiometry.
3.3. Topology of the Na/K-ATPase a1-subunit Fig. 2 compares the predicted TM helix topology and the porelining regions in the putative progestin-binding protein alpha, PAQR7 (Q86WK9) in Homo sapiens, with mPRa (A7XS19) in the Atlantic croaker. Atlantic croaker mPRa has been previously reported to contain 7 TM domains characteristic of G-protein-coupled receptors [19] . Analysis of TM helices in PAQR7 (upper) and mPRa (lower) using TMHMM predicts that each contains 6-8 TM helices, whereas the method of Nugent and Jones. [38] , using machine learning-based algorithms (MEMPACK-SVM), indicates that both contain 8 TM helices (B, Fig. 2 ). As shown, the hidden Markov model has problems in predicting helices 5 and 7 in mPRa from both fish and humans. MEMPACK-SVM further indicates that TM-3 is a pore-lining channel in both proteins. When the positions of the TM helices in PAQR7 were compared using 4 current algorithms, i.e., Phobius, TOPCONS, MEMSAT-SVM and PredictProtein, with those of 7 TM helices as reported in a protein data base (Table 2), the findings indicated that PAQR7 contains an additional TM helix in the 204-229 amino acid region C-terminal to TM-4. Similarly, TM-7 helix in the Atlantic croaker appears to be missing in the protein data base (Fig. 2B) . hidden Markov model (TMHMM, upper projections) predicts 6 TM helices with 2 possible additional helices for both PAQR5 and PAQR8. However, the method of Nugent and Jones [38] confirms 8 TM helices in both PAQR5 and PAQR8 (lower projections). Thus the Atlantic croaker mPRa, PAQR5, PAQR6, PAQR7 and PAQR8 all contain 8 TM helices, and differ from classical G-proteins characterized by 7 TM helices. Fig. 4 illustrates the presence of 7 TM helical arrays in PAQR1, PAQR2 and PAQR3, indicating that PAQR family members consist of at least two separate protein groups. PAQR1 and PAQR2 represent adiponectin receptor proteins 1 and 2, respectively. PAQR3 functions as a special regulator of RAF1 kinase by sequestering it to the Golgi (UniprotKB). As can be seen, unlike PAQR5/6/7/8, all three exhibit 7 uniformly spaced TM helices in the C-terminal region of the PAQR proteins. Similar analyses indicate 7 TM helices are present in PAQR9, PAQR10 and PAQR11 (data not shown).
Topology of the PAQR and mPR alpha proteins identified as putative progestin receptors
Topology of MAPR-1 and MAPR-2
As shown in Fig. 5 , MAPR-1 (aka PGMRC1), as well as the closely related MAPR-2 (PGMRC2), contain a single TM domain localized to the N-terminal region of the peptide. MAPR-1 and 2 were first isolated from porcine livers and their cDNA was subsequently cloned from a variety of tissues (reviewed in [19] ). The signal transduction pathways induced by progesterone binding to MAPR-1 (aka PGMRC1) have not been described, although motifs for tyrosine kinase binding have been predicted from the amino acid sequence (cit. [19] ). As noted above, the presence of cytochrome b5 heme-binding domains within sequences 72-171 and 102-201, respectively (cit. UniprotKB) suggest that MAPR-1 and MAPR-2 may be associated with mitochondrial involvement in cellular energy production [7] . Since enzyme-substrate complexes form during progesterone metabolism, a membrane-bound progesterone metabolizing enzyme might be confused as a progestin-binding membrane protein. The lower trace in Fig. 5 illustrates the TMHMM plot of 3-keto steroid reductase (P56937). 3-keto steroid reductase has a sequence length (341 AA), TM-helix (1) and CB motif (1) comparable to both MAPR-1 and MAPR-2 and might be misinterpreted as a putative progestin receptor.
Topology of progesterone nuclear receptor isoform B (PRB) H. sapiens
We find, as indicated in Table 1 , that the nuclear progesterone receptor (PR, also known as nuclear receptor subfamily 3, group C, member 3) also contains at least one TM helix in the C-terminal region. TM helices in human PRB (P06401) were localized to se- These findings suggest that human PRB may traverse the plasma membrane with the bulk of the peptide being intracellular. Fig. 6 compares the MEMPACK-SVM TM helix topology of the classical progesterone cytosol receptor PRB (A, upper) with the amino acid sequences associated with specific regions of PRB (B, middle). The specific regions (cit. UniprotKB) are defined as: (1) the proline-rich modulating region (1-566), (2) nuclear localization signal (183-187), (3) DNA binding region (567-639), and (4) the steroid-binding region (681-933). Fig. 6 , C (lower) illustrates a helical wheel projection of the predicted TM helix. MEMPACK-SVM predicts a 16 amino acid TM helix (813-828) within the steroid-binding region (681-933). The MEMSAT-SVM plot also indicates that the helix is a pore-lining region, and that the bulk of the receptor protein (812 amino acids) is cytoplasmic, with only 104 amino acids being extracellular. We previously found both 110 and 80 kDa progesterone binding components in the denuded (free of follicle cells) prophase-arrested R. pipiens oocyte [39] , similar to those reported in chick and humans. The plasma membrane form was present as a single 110 kDa species and accounted for at least 50% of the total 110 kDa species. No 80 kDa form was found associated with the plasma membrane. This suggests that the 110 kDa form may function in both membrane and cytosol. Since the PRB TM helix in the steroid-binding region contains a transmembrane channel, the PRB associated with the plasma membrane may represent sites of progesterone entry into the cell.
Leucine-rich regions in putative progestin binding plasma membrane proteins
LRR (leucine-rich repeat) regions have been identified in viruses, bacteria, archaea and eukaryotes (reviewed in [40] ). LRR motifs are involved in protein-ligand and in protein-protein interactions and each motif can be divided into a highly conserved segment (HCS) and a variable segment (VS). The HCS consists of an 11 residue sequence, LxxLxLxxNxL, or a 12 residue sequence, LxxLxLxxCxxL, in which ''L'' is Leu, Ile, Val or Phe, ''N'' is Asn, Thr, Ser or Cys, and ''C'' is Cys, Ser or Asn. Table 3 summarizes the highly conserved LRR segments found in the putative progestin-binding proteins. As shown in column 2, all 3 progestin-binding PAQR proteins (5, 7 and 8) exhibit a highly conserved LRR in the C-terminal region. In contrast, PAQR proteins not associated with steroid binding (PAQR 3 and 4) do not contain LRR segments (data not shown). The presence of LRRs is further evidence that PAQR 5, 7, and 8 define a family of receptors distinct from traditional G-protein coupled receptors (GPCR's). Similarly, both human and fish mPRa contain LRRs in the C-terminal region, whereas MAPR-1 (PGRMC1) contains a LRR in the N-terminal region. The catalytic a1-subunit of Na (Table 3) . No LRRs were present in the PRB nuclear receptor (P06401). PGRMC1 ). In the a1-subunit of Na + /K + -ATPase, the LRR overlaps TM-3 and the external loop between TM-3 and TM-4. It should be noted that TM-3 corresponds to the pore-lining region predicted to be an ion channel (Fig. 1) . In the case of the b1-subunit, one of the two highly conserved segments (46-56) of the LRR overlaps the C-terminal TM helix. In all cases examined, the highly conserved and variable segments of the leucine-rich repeats are closely associated with the TM helix of putative progestin-binding proteins.
Sequence comparisons of putative progesterone-binding membrane proteins
Pairwise Sequence Alignment (LALIGN) protocols have been used to identify regions of similarity that may indicate functional, structural and/or evolutionary relationships between two biological protein sequences (see Section 2). Local alignment tools find one or more alignments describing the most similar region(s) within the sequences to be aligned. Table 4 compares the amino acid sequence alignment of human mPRa (PAQR7) with related proteins mPRb (PAQR8), mPRc (PAQR5) and Atlantic croaker protein mPRa. In addition, human mPRa (PAQR7) sequence alignment is compared with adiponectin receptor protein 1 (PAQR1) and the a-subunit of Na
As can be seen in Table 4 , a PAQR7: PAQR8 sequence comparison indicates a 351 amino acid overlap with 48% identity and 73% sequence similarity and a Waterman-Eggert score of 1094. PAQR5 has less homology with PAQR7 with 31% identity and 61% similarity and a Waterman-Eggert score of 484. A comparison of PAQR7 (mPRa) vs. the corresponding Atlantic croaker peptide mPRa (A7XS19) yields a 347 amino acid overlap with 54% identity and 77% similarity and a Waterman-Eggert score of 1241, indicating that the mPRa human vs. fish progestin-binding proteins have the highest homology among the progestin binding proteins. PAQR7 was also compared with PAQR1 (adiponectin receptor) and the catalytic a-subunit of Na Table 5 compares the amino acid sequence alignments of MAPR-1, MAPR-2 and the classical cytosol receptor (PRB). As seen, MAPR-1 and MAPR-2 have a significant homology (59% identity, 82% similar). A comparison of MAPR-1 with PRB indicates that the MAPR-1 amino acid sequence 119-149 has a 31% identity with a 36 amino acid sequence (881-916) of PRB. In comparison, a 28 amino acid sequence (175-202) within MAPR-2 has a 35% identity with sequence (827-854) of PRB. For both MAPR-1 and MAPR-2, the sequence homology was in the steroid binding region of PRB (Fig. 6 ). Table 6 compares the topology of key plasma membrane ion regulatory ATPase in plant and animal cells. Plants utilize a P-type H + -ATPase instead of Na + /K + -ATPase to energize the plasma membrane with an electrochemical gradient (reviewed in [41] ). Computational analysis using the TOPCONS, MEMPACK-SVM and Phobius servers (see Section 2) indicates that the proton pump of Vicia faba (broad bean, Accession #Q43131) exhibits a 10 TM helical array (Table 6 ) with nearly identical TM helix positions as seen for hu- 
Comparison of plant and animal P-type ATPase
Conclusions
Elements of a ligand-gated membrane steroid response system appear in both plant and animal cell plasma membranes. Five of the 8 putative progestin binding proteins considered here contain both caveolin binding (CB) motifs and leucine-rich repeats (LRR). All but two (MAPR-1 and 2) contain at least one pore-lined TM helix. A single class of plasma membrane motifs or repeat domains can interact with a wide array of chemically distinct ligands, yet each particular repeat shows high specificity for specific ligands (PAQR1_HUMAN, Q96A54) ; middle, adiponectin receptor protein 2 (PAQR2_HUMAN, Q86V24); and lower, Progestin/AdipoQ receptor family member 3 (PAQR3_HUMAN, Q6TCH7). Plots were obtained as described in Fig. 1. (reviewed in [42] ). One explanation is that consensus amino acids within a repeat provide a stable scaffold to the domain, whereas non-consensus residues within the repeat allow variability of function. Since LRRs [43] and CB motifs [44] facilitate ligand-protein interaction, one would predict that steroid initiates formation of regulatory complexes of progestin-binding receptors, caveolin-1 MAPR-1, HUMAN, O00264) ; middle, membrane-associated progesterone receptor component-2 (MAPR-2, HUMAN, O15173); and lower, 3-keto-steroid reductase (17-beta-HSD 7_HUMAN, P56937). Plots were obtained as described in Fig. 1 . Fig. 6 . A comparison of the topology of TM helices and pore-lining regions of the classical nuclear progesterone receptor PRB (PGR_HUMAN, P06401). A (upper): plots were obtained using the support vector machine topology [38] . The transmembrane helix is indicated as blue squares, which also indicate a predicted pore-lining region. The extracellular sequence is indicated in yellow. B (middle): Summary of the principal regions within the progesterone receptor PRB. C (lower): helical wheel projection of the amino acid sequence associated with the predicted transmembrane helix (A, upper). The sequence of amino acids that make up a helical region of the protein secondary structure are plotted in a rotating manner where the angle of rotation between consecutive amino acids is 100°, so that the final representation looks down the helical axis. Nonpolar amino acids are orange, polar, uncharged residues are green, acidic residues are pink and basic residues are blue. See Section 2 for source of helical wheel Applet. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) and LRRs within the caveolar (lipid raft) regions of the plasma membrane, which could be key elements of the steroid response system. Numerous eukaryotic proteins contain multiple domains, and, as noted by Basu et al. [45] , have a repertoire of eukaryotic protein domains (LRR, CB motifs, pore-lined TM helices, etc.) that contribute to the diversity of eukaryotic proteomes and signaling networks.
MAPR-2 and the nuclear receptor PRB are unique among the putative-progestin receptors, in that they lack both CB motifs and LRR repeat domains. As shown here (Fig. 6) , newer algorithms for analysis of protein topology indicate that PRB contains at least 1 TM helix within the steroid binding region of the receptor and suggest that PRB exists both anchored to the plasma membrane and free in the cytosol. Attachment of PRB via a single TM helix within the steroid-binding region would explain our earlier report of plasma membrane associated PRB in Rana oocytes [24] and the finding by Martinez et al. [16] that the cytosolic progesterone receptor (PRB) associates to the Xenopus oocyte plasma membrane. Although PRA (PRB truncated in the N-terminal region) also contains the TM helix, PRA does not appear to be associated with the oocyte plasma membrane. This suggests that the 164 N-terminal amino acids may also play a role in membrane binding. Similarly, Boonyaratanakornkit et al. [46] found that progestin activation of the Src/MAPK signaling pathways occurs outside the nucleus only with PRB and not with PRA. Based on sequence comparison, MAPR-1 and 2 appear to represent short peptide sequences common to the steroid binding region in PRB (see Fig. 6 ). Thus, PRB, MAPR-1 and MAPR-2 may have evolved from a common ancestor and have been retained in both plant and animal cells.
In contrast with the multiple pore-lining regions in the a1-subunit (Fig. 1), Figs. 2 and 3 demonstrate that only one 1 of the 8 TM helices (TM-3) in PAQR5/7/8 (or mPRa) is predicted to contain a pore-lining region. Similarly, at least one predicted TM helix of cytosolic PRB is a pore-lining structure (Fig. 6 ). These pores may be associated with ion channels thought to be essential in maintaining cross-membrane electrochemical gradients for functions as diverse as oxidative phosphorylation and signal transduction (cit. [46] ). Patch-clamp studies by Artigas and Gadsby [47] , fluorescent ouabain binding studies by Sandtner et al. [48] , and earlier mutagenesis studies by Lingrel and colleagues [49] 
